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Section 1 A A
A Discussion of the F-Number

1.1 Introduction

The standard measure of the performance of a statistical test for compliance to the TTBT has

become, to most, the so called F-number. The F-number is commonly defined by the simple

expression

F( 1) = .O W 
(1.1)

where or , is the standard deviation of the estimated log-yield, where log-yields are assumed to be

normally distributed. The motivation for such a definition is as follows. If W = log Y, where Y =

yield of a given event and W is an estimate of W which is distributed N( W, a W), then

P[W< W¢ + z'X awl = 1 - A (1.2)

and

kj 0
W < 10o . 1oZ 0]= 1 - A (1.3)

where ZA is the 100(1-A) percentile of the standard normal distribution. Therefore if A = .025, a

97.5% confidence interval on log yield is (-oo, W + 1.96or ,), or in terms of yield a 97.5% confidence

interval is given by (0, 10 ' 10 1.96 ). Thus if F(a ) is given by (1.1), then
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P[ < f~)].975. (1.4)

Since W will ordinarily be some averaged value, it is often referred to as the observed central value and

likewise (although this is not quite correct) the corresponding k' is referred to as a central value. Thus

F is said to be that multiple of the observed central value below which we are 97.5% certain the true

yield falls.

There are several problems with this definition. For example, if aw is not known (and in fact it

is not), a test for compliance cannot be made without involving distributions other than the normal.

In this event the probability in Equation 1.4 is not relevant.

On the other hand, when "i are available, such as when CORRTEX events are available,

Alevine, Gray, McCartor, and Wilson (1988) have shown that under reasonable assumptions then the

test for compliance leads to a student t-distribution and in that event

P[w < W + lA(K-1) SW =1 - (1.5)

and

k10W< 10 . 10IA (K - 1 ) S W] =1-A (1.6)

where t,(K- 1) is the 100(1 -A) percentile of the t-distribution with K-I degrees of freedom. A more

detailed discussion of this is given in Section 2 of this report.

One should note that (1.6) does not imply that (1.3) is not longer true. On the contrary, both

(1.3) and (1.6) are correct when the assumptions hold. In general tA(K-1) > Z. and IA(K-1) - ZA

as K-oo, and therefore (1.6) does not give as tight a bound as (1.3). However, this is the penalty on;'

pays for not knowing if W. In terms of what we know, (taking A = .025) all we can say is that the true

;k 1025(K-1) S-4yield is less than or equal to 10 .10t W with .975 probability. Thus it seems that in this

case, the F-number should be defined as
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F(Sw) = I 0 2 5 (K-1) SW (1.7)

This is exactly analogous to the motivation which led to Equation I.I. There is a problem however,

since F as defined by (1.7) is no longer a . umber but in fact is a random variable. Questions

concerning whether we should consider the expected value of F, the median of F, the mode of F, etc,

immediately arise.

The point is that it should be clear that the simple definition given by Equation 1.1 is

inadequate. Moreover, and possibly more importantly one usually makes use of the F-number in

relation to a test of compliance. In this case the real question may be, "What are our chances of

detecting a violation if in fact Y > Yo?" for some specified Yo.

For this sort of question (1.1), (1.2) and (i.3) may not be very helpful even when 0' is known.

That is, given the F-number, the answer to the question, "What are our chances of detecting a

violation when one occurs?" is certainly not obvious from (1.2) or (1.3). This is due to the fact that

the question being asked is about the power of a test, whereas (1.2) and (1.3) would relate to the size of

the critical region of this test. Moreover, even when (1.2) and (1.3) are correct it is doubtful that they

do much more than lead to confusion since confidence intervals are commonly misunderstood.

The confusion which has arisen from defining the F-number through the confidence intervals in

(1.2) and (1.3) can be seen from the testimony given by Dr. Robert Barker (the Assistant Secretary of

Defense for Atomic Energy and leader of a U.S. delegation at the bilateral talks on improving

verification of the TTBT) before the Senate Foreign Relations Committee on January 13, 1987. Dr.

Barker was describing the types of interpretations which could be made assuming an F-number

(uncertainty factor) of 2 when he testified:

this uncertainty factor means, for example, that a Soviet test for which we estimate [by the

.seismic method] a yield of 150 kt may have, with 95% probability [actually .95 probability], an actual
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yield as high as 300 kt - twice the legal limit - or as low as 75 kt."

This statement is actually not correct. Once we have an estimated yield of 150kt Equation 1.3

says nothing about the probability. Suppose a horse has a history of winning 95% of its races. The

statement is like saying the horse has a 95% chance of winning a particular race after the race is over.

While it might be argued that we have simply been "picky" with Dr. Barker's terminology, the main

problem with his F-number explanation is that it does not address the question which is most

pertinent, i.e., "If an event is in violation, what is the chance that our techniques will detect that a

violation has occurred?" In order to correct some of the problems inherent in the confidence interval

definition of an F-number, we offer the following more general definition. It is completely compatible

with the confidence interval definition.

1.2 A More General Definition of the F-number

As we have discussed, the definition given by Equation 1.1 is unsuitable when the standard

deviation of W is unknown. Moreover the confidence interval explanation of an F-number is

unsuitable for responding to the questions such as, "What are our chances of catching them cheating?"

The following definition, first given by Alewine, et. al. (1988), alleviates these problems.

Definition 1: Let IV be an estimate of W such that Ef W) = W. Suppose G is some function such that

the rule: "Reject Ho if G( W) _ TA", is a A significance level test for the hypothesis

Ho: W < T
against f I T (1.8)

where T is the treaty threshold and TA is the appropriate critical value. We then define the F-inmber

of the test by

WF-T
= (1.9)



where WF satisfies the equation

P[G( W) > TA I W = W .= 5 (1.10)

The probability in Equation 1.10 is called the power of the test. From Equations 1.9 and 1.10, it is

seen that the F-number is the ratio of that yield for which there is a 50% chance that the hypothesis of

compliance (1.8) will be rejected, to the TTBT threshold. Now note from (1.10) that

FA(atw) • 0 T - WF (1.11)

Consequently we can also state that the F-number is the multiplier of the threshold for which there is a

50% chance that the resulting true yield would be rejected as being in compliance. For example, if T

= log 150 kt and FA(o W,) = 1.5, then there is a 50% chance that the test would reject compliance if

the true yield were 225 kt. Since G will typically be a monotonically increasing function, one can also

say that if F(u*) - 1.5, then there is more than a 50% chance of detecting a violation whenever Y >

225.

Suppose now, as in Equation 1.1, we assume I" - N(W, o, ), where o W is known. Then

- N(0, 1)
w

and we can test the compliance hypothesis (henceforth we take T log 150)

Ho: W < log 150

against

HA: W> log 150

at the A significance level by the test: Reject Ho if

5



> log 150 + ZA , (.2

To determine the F-number for the test we follow Definition 1, i.e.

W -log 150

where WF is determined from the equation

PIW > log 150 + ZAo, I W= WF] = .5. (1.13)

By the symmetry of the normal distribution about its mean, it follows that

w r = log 150 + ZAoW

and hence (1.14)

Note however that obtaining FX( ) from (1.13) has an immediate advantage. That is, given a

value for FX(o W) in (1.14), and a desired significance level, oW is determined by Equation 1.14 and

the probability of detecting a violation for any given W, say W = W1, is given by the left side of

Equation (1.13) when WF is replaced by W1. Thus if A = .025 and FA(oW.) = 2, then it follows that

a W = .159 . If one desires to know the probability that we would detect a violation under these

conditions when say, W = 400kt, one simply substitutes in the left side of Equation 1.13 to obtain

P1W > log 150 + 1.96oI W= log 400 =.79

The probability defined by the left side of Equation 1.13 is called the power of the test. In words, it is

the probability that the hypothesis Ho will be rejected for a specified value of the true log yield W. A

short table of values of the power of the test defined by Equation 1.12 for various values of W and F
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number is given in Table 1.

TABLE 1 - Power for Various F-Numbers and True Yields

A = .025

F-Number

True Yield 1.3 1.5 1.8 2.0

175 0.209 0.112 0.074 0.064
195 0.500 0.245 0.139 0.112
225 0.857 0.500 0.272 0.208
270 0.992 0.811 0.500 0.383
300 0.999 0.918 0.637 0.500
350 1.000 0.984 0.807 0.669
400 1.000 0.997 0.905 0.792
450 1.000 1.000 0.956 0.874

1.3 The Unknown Variance Case

Suppose now that ao v is unknown but that S f,, independent of W, is available as in Equation

1.5. We previously remarked concerning the ambiguity that arises from (1.7). We will now show that

Definition I removes that ambiguity. In order to do so we first define a test for compliance which is

more fully discussed in the latter sections of this report. In this case ( VW - W)/S W, is distributed as a

Student's -distribution with K-I degrees of freedom, i.e. as t(K- 1). Thus we have the following test

at the .025 significance level. Reject Ho: Wi < log 150 if Wi > log 150 + '.0 2 5(K-1) Strg. Following

Definition I we can now find the F number for the test. We need to determine WF such that

P1W > log 150 + t. 0 2 5(K-1) Sil I W= WF] = .5

or equivalently

P -log 150 > .0 25 (K-1) 1 W= WFj = .5. (1.15)

However, when W = WF : log 150, (W - log 150)/Sti is distributed as a noncentral t and a closed

form for WF cannot be given. However to a very good approximate solution (to several decimal

places), to Equation 1.15 is given by
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E0 2 ,(K-I) (1.16)

(Alewine, et. al, 1988). From (1.16) it follows that

WF = log 150 + '. 02 5(K-1) E(SW). (1.17)

Thus, we have approximately

F 0 2 5(0) = 1 0 2 5(K- 1) E(S)(1.18)

Note that the F-number in (1.18) is not a random variable as in Equation 1.7, but is approximately

the expected value of the F-number in Equation 1.7. Since in general E[S,] = co W for some c, the F-

number in (1.18) can be written as

F.025(0fW) = 1t 0 25 (K-1) c (1.19)

This should be compared to Equation 1.1. Since in general Cd. 0 2 5(K-1) > 1.96, the F-number as given

by Equation 1.19 is larger than the F-number given by Equation 1.1.

The case where a,, is not known but can be estimated if the ratio of the CORRTEX to the

seismic variance is known or small was studied by Alwine, et. al. (1988). In that case, S W defined

here, is given by

SW Su / B,

where B, r and S% are as defined in by Alewine, et. al. (1988).

In summary, several points should now be clear.

1. The definition of the F-number given by Equation 1.1 should only be used when the

assumption of known variance is justified, and this definition of the F-number is

physically meaningful only in this setting.

2. The confidence interval motivation for the F-number defined by Equation 1.1 is useful

when addressing significance level questions, i.e. false alarm rate questions but will usually

lead to confusion regarding power questions, i.e. questions concerning our chances of

detecting noncomplying events.

3. The F-number defined by Definition I is equivalent to the F-number defined by

8



Equation 1.1 when a W is known. Moreover, the recommended presentation of the

F-number makes it more suitable for addressing power questions, i.e. questions concerning

the Soviets' cheating.

4. The F-number defined by Definition 1 is entirely general regarding the single event

question. That is, the F-number defined by Definition I is appropriate whether or not a

is known and whether or not the normality assumption is valid.

1.4 F-number for Biased Estimates

In Definition 1, we assumed that E[IW] = W and as a result we considered the F-number as a

measure of the precision of the test depending only on a,,, and A. This was reflected in our notation

FA (a *V). However it may be that E[W4] = W - b, b > 0, i.e. it may be that our estimator

uniderestimates W on a systematic basis. In this event the power and the significance level of the test

would be reduced. The result of the power being reduced is that the F-number as given by Definition 1

would be too small. However it is an easy matter to correct this problem. This is the purpose of the

following definition which is an extension of Definition I that does not require E[ W] = W.

Definition 2

Let W be an estimate of W such that E[ W] = W - b, b > 0. Suppose G is a function of V and

T A is a given value such that the rule: Reject 110 if G( W) > TA, is a A level significance test for the

hypothesis

Ho: W < T
against (1.20)

HA: W>T

when b = 0, and is an A, < A significance level test when b > 0. We then define the F-number of the

test by

FA(a, W,b) = 10 , (1.21)

where WF satisfies the equation

P[G(W) > TA I W= WF]= .5 . (1.22)

This is of course the same as Definition 1, with the exception that we no longer require b = 0.

9



Consider once again the known variance case for testing the hypothesis in Equation 1.8. In this

event the test is: Reject HO if W > log 150 + ZA o . Now suppose E[W] = W - b, b > 0. Then the

test of Ho will have a true significance level of A, < A and the F-number will be larger than F),(O ,).

We can apply Definition 2 to determine the effect of the bias, b, on the F-number. By Definition 2 we

want to find an WF such that

PI w > log 150 + ZAG* I W= WF ] =.5

Then

A WF-b) > log 150 - WF + b + Z~, W W= Wo] = .5. (1.23)

However, from (1.23) and the symmetry of W about its mean, W-6, it follows that

log 150- wF + 6 + Z  =A o  0.

Therefore

W = log 150 + b + Z o,

and

FA (a, b) = o+

= l 0 b ZAW

= F(b) FA(o,) , (1.24)

where

F(b) = 10 . (1.25)

10



Note that now the precision of the test is effected by two factors, F(b) and FA(Dr*). We refer to F(b)

as the F due to statistical bias and FA(u - ) as F due to variance. Unless it is clear that W is a biased

estimator, we simply refer to the F due to variance as the F-number.

1.5 The F-number for testing Compliance for a Set of Events

In everything we have considered so far, we have defined the F-number for determining

compliance of a simple event. These ideas are not directly extendable to testing compliance of a set of

events. This is not a shortcoming of our definition but simply the consequence of the fact that for a set

of events there is no unique way for the set to be out of compliance. In order to obtain a uniquc

F-number for a set of events it would therefore be necessary to define a probability distribution on the

possible values of W, i.e. a Bayesian approach is required. Since there seems to be no basis for

determining such a distribution we will not pursue this question at this time.

Section 2

Testing Compliance of an Event when CORRTEX is not Available,
Based on Data From k Events for which Both Seismic

and CORRTEX are Available

2.1 Introduction

In this section, we consider tests for compliance introduced by Alewine et. al. (1988). In that

report, it was suggested that if past CORRTEX events were available it might be better to base

compliance tests on the assumption that the ratio of the CORRTEX variance to the seismic variance is

known rather than to base the test on the assumption that the individual variances are known. This

conjecture is investigated here and from a robustness point of few it is demonstrated that the

assumption of the ratio is indeed preferable. The need for the more general definition of the F-number

proposed in the previous section will be clear in this section.

The basic setting which will be discussed here is the situation in which there are k events for

which both magnitude and CORRTEX readings are available. Based on these data, tests are then
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developed for testing the hypothesis that a new event, for which only seismic information is available,

is in compliance. That is, we test the null hypothesis that the yield for the new event is less than or

equal to 150 kt. Throughout this report the following notation will be used:

mi = the magnitude measurement for event i

Yi = the yield for event i

w, = log Y,

A = true geographic bias

A = estimated geographic bias

B = slope

= estimated log yield for the ith event based on seismic readings of magnitude

iWi = estimated log yield for the ith event based on CORRTEX readings

It will be assumed that log yield and magnitude of the ith event are related by

M, = A + B W, + e, (,- (0, otSEI), (2.)

where B is known. If CORRTEX data is available on event i, then it is also assumed that

2 (2.2)
Wi = Wi' + ei , j -. N(0, O7OR). (22

In the current setting we assume that mi and Wi are available for events i = 1, ... k. We further

assume that q* and e, are independent. Then based on these k readings, an unbiased estimator of A is

given by

k B-BW). 
(2.3)

We now consider a new event, denoted with the subscript k+l, for which only magnitude information

12



is available. Based upon the new magnitude reading, mk+l, an unbiased estimate of log yield is given

by

- m,+. - A  (2.4)

Denoting the variance of W,,+, by ,
2., we haveW'

2- + El.I OR (2.5)wk B2 k

Two cases will be considered:

I. OSE I and OCOR are known

'I- aSEI/aCOR is known

We will also consider the performance of the tests in Case I and Case 11 when only approximations to

aSEI and COR are available.

2.2 Compliance Tests

Case I. Suppose that oTSEI is known. Then WL+ defined in (2.4) is normal with variance u2 givenw

by (2.5) and the .025 level complicance test is: Reject compliance if:

Wk', > log 150 + 1.96 [( + El i ' COR] 26k-p2 + . (2.6)

The test for any given significance level, A, is:

Reject compliance if

Wkl> log 150 + ZA [I + ) -'+ kCR (2.7)

13



where ZA is the 100(1-A) percentile of a N(0,1) distribution. From (2.7) the F-number for Case I is

given by

F(or W)- 10 (2.8)

In Table 2, we display the F-number for Case I for OrCOR = .04, and various values Of O0 SE r

Cae 11 To consider Case II, let

t + VoR:>,

and

r 2 =1 + R2 (2.8)

- SEI/B 2  + (2.9)

OSEI/B2+ COR

Then, under the hypothesis of compliance, if r = OCOR/O'SEI is known, then R is known and

Wk+l- log 150
-r

where

2 (- ) , ( . 1 )

with v, = mi - BWki and t(k-1) a Student's I random variable with k-I degrees of freedom. The

resulting test for compliance is given by:

Reject compliance if

14



Wk+ > log 150 + tA(k-1) T Su/B, (2.12)

where tA(k-1) is the 100(1-A) percentile of the -distribution with k-I degrees of freedom. A short

listing of I values for A=.05 and A=.025 follows:

k 1.0 5 (k-1) t.0 2 5 (k- 1)

2 6.314 12.706
3 2.920 4.303
4 2.353 3.183
5 2.132 2.776

10 1.833 2.262

A more extensive table for the ( distribution can be found in almost any introductory book in

statistics. From Definition 1 of Section 1, the F-number for Case 11, is given by

FA( W)= 10 W F - T  (2.13)

where WF satisfies the equation

> log 150 + t(k-1) W= WF] = -5 (2.14)

For k = 2 or 3, this equation can be solved for WF numerically. However for k > 3, a very simple

approximate solution to (2.14) is given by

WF = log 150 + iA(k - 1) r E[Su] / B. (2.15)

Therefore, for T = log 150,

15



10tA(k-1) r E[SuJ / B (2.16)

Now

r(@ 
1

and

r(kj) 4(k-.1)

so that to a very good approximation,

rW( = 10 k)4k 2
1 ?T5 (SEI + B OR) (2.17)

Actually, the approximation in (2.17) is good to approximately two decimal places for k > 2. (see

Alewine, et. al. (1988).

In Table 3 we show the F-numbers found using (2.17) for the parameter configurations cons:dered

in Table 2. There it can be seen that the F-numbers for Case II tend to be slightly larger than those

for Case I.

Note that in Case I the necessity for the more general definition of an F-number is clear. As we

noted in Section 1, had we used the confidence interval definition of the F-number we would have

obtained

Ci) = (k- 1 ) r Sul B (2.18)

which is in fact not a number at all but is a random variable!

2.3 Robustness of the Compliance Test

In the compliance test outlined in the previous pages, it was necessary to assume either that both

UCOR and fSEI are known or that their ratio is known. In reality such parameters will not be knlowl
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exactly but instead we will have to use our best estimates or best guess of them. This of course

introduces some imprecision into our probability statements. Consideration of the impact of such

assumption errors are referred to as robustness studies. In this subsection, we will consider the

implications of OrSEI : j SEV where we now use ,- to distinguish between the true value of the

parameter and the assumed value, - denoting the assumed value. We will continue to assume that

UCOR is known, although results for O¢OR unknown could also be obtained.

In this setting the test corresponding to (2.7) for Case I is:

Reject compliance if

IVk+1 > log 150 + zA I1 + 1) 6SE1 + OGCOR]1/2 (2.19)

while the test based on the ratio is given by:

Reject compliance if

Wk+l > log 150 + t'(k-I) i Su/B. (2.20)

In Tables 4 and 5, we display the actual significance levels of the Case I and Case II tests,

respectively for various combinations of E and &SEI in the case A = .025 and fCOR = .04. There

it can be seen that if &SEI O SEI, then both tests are A1 - A level tests. Conversely, when 6SEI S

OSEI, both tests are A, - A level tests. Note that the effect on true significance level is not nearly as

dramatic for Case II (assuming only the ratio to be known) than for Case I (assuming both asE! and

"COR to be known). An explanation for the fact that the Case Ii test is not as sensitive to

misspecification of the variances is that E(S2) = +a 2 rpSEI + B CrOR' and thus SU provides information

from the data concerning the true value of frSEI when GCOR is known..
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Expressions for the F-numbers for the two tests based on imperfect knowledge of OSEI for Case I

by

S (I + 1)& °SEI + OTCOR 1/2
FA(oW) = 10 (2.21)

and for Case II by

FX(o~,) 10t A(k-1) E(Su)/B

which can be approximated as in (2.17) for k > 2 by

1 ) , 4 ( k - 1 ) ( ,, E2 B 2 , ' " = " O 1 / 2

10w) = 0A(k- 4 25 (EI + COR) (2.22)

It is interesting to note that the F-number for Case I depends only on the estimated value for OSEI and

does not depend on the true value. For this reason the F-numbers in the present setting can be found

from Table 2 by taking OSEI in the table to be the estimated value. The F-number in (2.22) for Case

II with imperfect knowledge depends on both the estimated value (through f) and the true-value

(through aSEI + B2TCOR)"

In Table 6, we show the F-numbers for the Case II test for the same parameter configurations

considered in Tables 4 and 5. Several observations should be made from the tables:

(1) For both tests we see that there is a trade-off between true significance level, and F-number.

Specifically, whenever &SEI -> OSEI, the true significance level, At, is less than or equal to A but at a

cost of a larger F-number. On the other hand, whenever &SE1 < 'SEI, the F-numbers are reduced but

AI > A, i.e. the test no longer has the desired false alarm rate.

(2) If USEI and 0 COR are truly known, then Case I gives a substantially smaller F-number than

Case I! for a small number of CORRTEX events, k. However for k as large as 5 or 6 the F-numbers

for the two cases are not substantially different.
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(3) The significance level of Case I is dramatically effected by errors in approximating OrSEI. For

example, if OrSEI = .08 and &SEI = .05, then the true significance level is approximately .1 for 2 < k <

7 and increases to about .11 at k = 20. Since the advertised level is .025, this is a substantial error.

On the otherhand in Case II, if & SEI = .05 when aSEI = .08, the significance level for 2 < k < 7 is

around .035 and slowly increases to .04 at k = 20. On the otherhand if &SEa = .08 and aSEI =-05,

in Case I the significance level is .001 for essentially all k, whereas in Case II, the significance level is

around .02 for reasonable values of k. It is therefore very clear, that if CORRTEX is available, Case II

offers a substantially more robust test.

(4) The F-numbers for Case II tend to be lower than those for Case I when &SEI > aSE . This

corresponds to the fact that in these cases the significance levels for the Case I test tend to be

substantially smaller than the nomial A = .025 level. On the otherhand when &SEI < O'SEI, the F-

numbers for the Case I test tend to be smaller than those for Case II. However, in these cases it should

be recalled that the observed significance levels for the Case I tests were often very high. The fact that

the F-number is small is irrelevant if the false alarm rate is unacceptably high.

2.4 A Modified Case II Test

For the Case I and Case II tests, the conservative approach is to specify &SEI in such a way that

&SEI > OrSE" Whenever k > 2 CORRTEX events are available, a test can be obtained which always

has true significance level less than or equal to A and which does not require G'SEI, rCOR nor their

ratio to be specified. In this case we take f to be I + 1)1/2 , and we will denote this by ' to

emphasize the fact that it is the value of r in (2.8) associated with R = 0. The test becomes:

Reject compliance if

Wk+1 > log 150 + IA(k-l) (I + 1)1/2 Su/B. (2.23)
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It is easy to see that f < f0 for all positive values of aSE: and OrCOR and that the test in (2.23)

approximates the test in (2.12) when O'SEI > 0 COR" The test can be thought of as a Case II test with

&SE! = c, or UCOR = 0. It follows immediately that the test in (2.23) is an A, _ A significance level

test. One can show that to a very good approximation, the F-number corresponding to (2.23) is given

for k> 2 by

4(k- 1) 1/2 2 .20,2 1/2.

FA(w)= 10 A 1 (SEI + B (2.24)

Since f0 > it follows that the F-number for the Case II test (either with variances known or

unknown) is always less than or equal to the corresponding F-number for the modified Case 11 test. In

Tables 7 and 8 we show F-numbers and significance levels, respectively, for this modified Case II test.

There it can be seen that the significance levels are always less than or equal to the nominal level of A

= .025 while the F-numbers tend to be larger than those shown for Case I and Case II tests. Thus, the

modified Case 11 test provides a conservative alternative in the cases in which a good a priori bound on

USEI is not available.

Section 3

Estimating tsEI from Seismic Data

3.1 Estimation Based on Events for which both Seismic and CORIRTEX Data are Available

The tests discussed in Sections 1 and 2 were based on an a priori value for CSEI. However, it

is possible to obtain an estimate of O"SEI based on the k (>1) shots for which both seismic and

CORRTEX readings are available if OUCOR is assumed to be known. Under this assumption, since

EJ= + B coR, where u is given in (2.11), it follows that aSEI can be estimated as

SI= IS4 - B OI, if S,2 : B uCOR

(3.1)
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=0, if < B CrOR.

Of course, the estimator in (2.24) will be poor when k is small. However, this estimate does utilize

information from the k observations concerning the value of aSEI. The obvious modification of (2.20)

is to substitute &SEI for &SEI in # to obtain:

Reject compliance if

Wk+l > log 150 + IA(k-l) ( SEI/B2  + /2 Su/B. (3.2)

Although we have been unable to calculate theoretical significance levels and F-numbers for the

test in (3.2), simulations were run for the case £COR = .04 and B = I in order to estimate the F-

numbers and true significance levels associated with this test. The empirical estimates of F can be

derived from empirical power. The Case I test can also be modified in this situation to give the test:

Reject compliance if

lk k+ > log 150 + ZA& (3.3)

where , = (1 + )EI + k COR. Preliminary results indicate that for larger values of k, the tests

in (3.2) and (3.3) have significance levels somewhat above nominal levels over the entire range of

possible 0 SEI values. Additionally the F-numbers appear to be competitive with those obtained by

the other tests. These results also show that the modified Case I test in (3.3) has somewhat higher

significance levels than those obtained for the test in (3.2). However, the significance levels for (3.3)

did not reach the excessively high levels observed in Table 4 for the Case I test. The estimate of a EI

from (3.1) assumes that ffCOR is known. If this is in fact not the case, then simulations similar to
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those mentioned here can be run to determine the effect of imperfect knowledge of UCOR" In this case

we expect the modified Case I test to be more robust. Another possible modification of the tests

would be based on the use of a weighted estimate of USE, which uses both a priori and estimated

information concerning orSE. The simple proposed estimator is given by

-2 2
-2 "' lfsE, + a2ffSEISE- a + a2

where a, and 62 are constants picked based on physical considerations. We believe that further

investigation is warranted into the modification of the Case I and Case II compliance tests to make use

of the seismic and CORRTEX data for estimation of vSEI.

3.2 Estimation Based on a Mixture Model for Seismic Data

Although the estimator in (3.1) provides a method for estimating U'SE I from data, to date

there have only been k = 1 event for which both seismic and CORRTEX data are available. Only

when more data of this type become available will the use of (3.1) be worthwhile. Gray, Woodward

and McCartor (1989) developed techniques which provide an estimate of UfSE, from seismic data alone

by modeling magnitude (or equivalently log-yield) as a mixture of normal components. A random

variable, X, is said to be distributed as a mixture of normals if its probability density function f is

given by

S Pk (' _1 'k2]-(3"4

z, p,p,)= exp (3.4)

where EPk = 1, Pk > 0. In our application, the assumption of a common component standard
k=1

deviation, i.e. Ui U o, is a reasonable one. The maximum likelihood estimates are given as the

iterative solution of the following equations:
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P (= n /.M_-1)1( )(35
(in) P& k X3

(in)) (rd) , k=l, 2,...,1, (3.6)

)M-) 1 2 k (X

A P (ri - ( k m-,)(,, (3.7)

where m denotes the mth iterate while in) and /km) represent the mth iterate of the mixture density

given in (3.4) and the kth component density

f(r) = I-exp 2~ )2] (3.8)

respectively.

It is not unreasonable to expect that more than one explosion would be made at (roughly) each of

several theoretical yield levels associated with the weapons being developed. Also, since the levels of

testing associated with different weapons are likely to differ significantly, one may expect the

components to be sufficiently well separated. Thus, if the mixture random variable X in (3.4) is

magnitude, then c = ofSEI .

In order to determine how well the component standard deviation can be estimated, we

simulated samples from mixtures of normals whose common component variances, 0 2 , are known and

for which the mixing proportions are approximately equal. The component means take on the values

2.176-(k-I)da, k = 1, 2 ... , 1, where d is a multiplier specifying the separataion among the
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components and or = .06. Note that pmax = 2.176 in all cases considered in this section so that these

are situations in which the null hypothesis of compliance is true. We consider the cases in which the

number of components, I, is 2, 3, and 4 and in which the multiplier d takes on the values 1.5, 2, 2.5

and 5. For each of the 12 resulting combinations we independently generated 200 samples of size n =

80. In Table 9 we show the bias and 4 MSE associated with the estimation off SEi given by

200(i)
bias =- E2- -06

i=1

and

)00 z(i) n2

MSE = '-((s) - .06)2
200i=1

where SEI denotes the estimate of o'SEI for the ith sample. There it can be seen that, as would be

expected, the quality of the estimates of USEI improve as separation among components increases.

However, for separations of 2.5a' or less, there was substantial variability in the estimate of O'SEI" The

results of Table 9 indicate that estimates from the mixture-of-normals approach can provide rough

bounds on OUSEI
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Table 2

F-Numbers for Case I

Lambda = 0.025 B = I
Sigma Cor = 0.040

Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

2 1.23 1.29 1.36 1.43 1.50 1.58 1.67
3 1.21 1.26 1.32 1.39 1.46 1.54 1.62
4 1.19 1.25 1.31 1.37 1.44 1.51 1.59
5 1.18 1.24 1.30 1.36 1.43 1.50 1.57
6 1.18 1.23 1.29 1.35 1.42 1.49 1.56
7 1.17 1.23 1.28 1.35 1.41 1.48 1.55
8 1.17 1.22 1.28 1.34 1.41 1.47 1.55
9 1.17 1.22 1.28 1.34 1.40 1.47 1.54

10 1.17 1.22 1.28 1.34 1.40 1.47 1.54
11 1.16 1.22 1.27 1.33 1.40 1.46 1.53
12 1.16 1.22 1.27 1.33 1.40 1.46 1.53
13 1.16 1.21 1.27 1.33 1.39 1.46 1.53
14 1.16 1.21 1.27 1.33 1.39 1.46 1.53
15 1.16 1.21 1.27 1.33 1.39 1.46 1.53
16 1.16 1.21 1.27 1.33 1.39 1.45 1.52
17 1.16 1.21 1.2 1.33 1.39 1.45 1.52
18 1.16 1.21 1.27 1.33 1.39 1.45 1.52
19 1.16 1.21 1.27 1.32 1.39 1.45 1.52
20 1.16 1.21 1.26 1.32 1.39 1.45 1.52
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Table 3

F-Numbers for Case II

Lambda= 0.025 B=1
Sigma Cor= 0.040

Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09
-------------------------------------
3 1.43 1.56 1.70 1.87 2.06 2.26 2.49
4 1.30 1.38 1.48 1.59 1.71 1.84 1.98
5 1.25 1.32 1.41 1.50 1.59 1.70 1.81
6 1.22 1.29 1.37 1.45 1.54 1.63 1.73
7 1.21 1.27 1.35 1.42 1.51 1.59 1.68
8 1.20 1.26 1.33 1.40 1.48 1.57 1.65
9 1.19 1.25 1.32 1.39 1.47 1.55 1.63
10 1.19 1.25 1.31 1.38 1.45 1.53 1.62
11 1.18 1.24 1.31 1.37 1.45 1.52 1.60
12 1.18 1.24 1.30 1.37 1.44 1.51 1.59
13 1.18 1.23 1.30 1.36 1.43 1.51 1.58
14 1.17 1.23 1.29 1.36 1.43 1.50 1.58
15 1.17 1.23 1.29 1.35 1.42 1.50 1.57
16 1.17 1.23 1.29 1.35 1.42 1.49 1.57
17 1.17 1.22 1.28 1.35 1.42 1.49 1.56
18 1.17 1.22 1.28 1.35 1.41 1.48 1.56
19 1.17 1.22 1.28 1.34 1.41 1.48 1.55
20 1.16 1.22 1.28 1.34 1.41 1.48 1.55
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Table 4

Actual Significance Levels for Case I
when True Variances are Unknown

Lambda = 0.025 B = 1
Sigma Cor = 0.040

True Sigma Sei = 0.030

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

2 0.025 0.008 0.002 0.000 0.000 0.000 0.000
3 0.025 0.008 0.002 0.000 0.000 0.000 0.000
4 0.025 0.007 0.001 0.000 0.000 0.000 0.000
5 0.025 0.007 0.001 0.000 0.000 0.000 0.000
6 0.025 0.006 0.001 0.000 0.000 0.000 0.000
7 0.025 0.006 0.001 0.000 0.000 0.000 0.000
8 0.025 0.006 0.001 0.000 0.000 0.000 0.000
9 0.025 0.006 0.001 0.000 0.000 0.000 0.000

10 0.025 0.006 0.001 0.000 0.000 0.000 0.000
11 0.025 0.006 0.001 0.000 0.000 0.000 0.000
12 0.025 0.005 0.001 0.000 0.000 0.000 0.000
13 0.025 0.005 0.001 0.000 0.000 0.000 0.000
14 0.025 0.005 0.001 0.000 0.000 0.000 0.000
15 0.025 0.005 0.001 0.000 0.000 0.000 0.000
16 0.025 0.005 0.001 0.000 0.000 0.000 0.000
17 0.025 0.005 0.001 0.000 0.000 0.000 0.000
18 0.025 0.005 0.001 0.000 0.000 0.000 0.000
19 0.025 0.005 0.001 0.000 0.000 0.000 0.000
20 0.025 0.005 0.001 0.000 0.000 0.000 0.000

True Sigma Sei 0.040

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

2 0.054 0.025 0.010 0.003 0.001 0.000 0.000
3 0.057 0.025 0.009 0.003 0.001 0.000 0.000
4 0.059 0.025 0.009 0.003 0.001 0.000 0.000
5 0.061 0.025 0.009 0.002 0.001 0.000 0.000
6 0.062 0.025 0.008 0.002 0.001 0.000 0.000
7 0.063 0.025 0.008 0.002 0.000 0.000 0.000
8 0.063 0.025 0.008 0.002 0.000 0.000 0.000
9 0.064 0.025 0.008 0.002 0.000 0.000 0.000

10 0.065 0.025 0.008 0.002 0.000 0.000 0.000
11 0.065 0.025 0.008 0.002 0.000 0.000 0.000
12 0.065 0.025 0.008 0.002 0.000 0.000 0.000
13 0.066 0.025 0.008 0.002 0.000 0.000 0.000
14 0.066 0.025 0.008 0.002 0.000 0.000 0.000
15 0.066 0.025 0.008 0.002 0.000 0.000 0.000
16 0.067 0.025 0.008 0.002 0.000 0.000 0.000
17 0.067 0.025 0.008 0.002 0.000 0.000 0.000
18 0.067 0.025 0.008 0.002 0.000 0.000 0.000
19 0.067 0.025 0.008 0.002 0.000 0.000 0.000
20 0.067 0.025 0.008 0.002 0.000 0.000 0.000
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Table 4 - Continued

True Sigma Sei 0.050

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09
2 0.089 0.050 0.025 0.011 0.004 0.002 0.000
3 0.095 0.052 0.025 0.011 0.004 0.001 0.000
4 0.099 0.053 0.025 0.010 0.004 0.001 0.000
5 0.102 0.054 0.025 0.010 0.004 0.001 0.000
6 0.104 0.054 0.025 0.010 0.004 0.001 0.000
7 0.105 0.055 0.025 0.010 0.004 0.001 0.000
8 0.107 0.055 0.025 0.010 0.003 0.001 0.000
9 0.108 0.055 0.025 0.010 0.003 0.001 0.000

10 0.109 0.056 0.025 0.010 0.003 0.001 0.000
11 0.110 0.056 0.025 0.010 0.003 0.001 0.000
12 0.110 0.056 0.025 0.010 0.003 0.001 0.000
13 0.111 0.056 0.025 0.010 0.003 0.001 0.000
14 0.112 0.056 0.025 0.010 0.003 0.001 0.000
15 0.112 0.056 0.025 0.010 0.003 0.001 0.000
16 0.113 0.057 0.025 0.010 0.003 0.001 0.000
17 0.113 0.057 0.025 0.010 0.003 0.001 0.000
18 0.113 0.057 0.025 0.010 0.003 0.001 0.000
19 0.114 0.057 0.025 0.010 0.003 0.001 0.000
20 0.114 0.057 0.025 0.010 0.003 0.001 0.000

True Sigma Sei 0.060

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09
2 0.124 0.080 0.047 0.025 0.012 0.006 0.002
3 0.132 0.083 0.048 0.025 0.012 0.005 0.002
4 0.137 0.085 0.048 0.025 0.012 0.005 0.002
5 0.141 0.087 0.049 0.025 0.012 0.005 0.002
6 0.144 0.088 0.049 0.025 0.012 0.005 0.002
7 0.146 0.089 0.049 0.025 0.012 0.005 0.002
8 0.148 0.089 0.049 0.025 0.012 0.005 0.002
9 0.149 0.090 0.050 0.025 0.011 0.005 0.002

10 0.150 0.090 0.050 0.025 0.011 0.005 0.002
11 0.151 0.091 0.050 0.025 0.011 0.005 0.002
12 0.152 0.091 0.050 0.025 0.011 0.005 0.002
13 0.153 0.092 0.050 0.025 0.011 0.005 0.002
14 0.154 0.092 0.050 0.025 0.011 0.005 0.002
15 0.154 0.092 0.050 0.025 0.011 0.005 0.002
16 0.155 0.092 0.050 0.025 0.011 0.005 0.002
17 0.155 0.092 0.050 0.025 0.011 0.005 0.002
18 0.156 0.093 0.050 0.025 0.011 0.005 0.002
19 0.156 0.093 0.050 0.025 0.011 0.005 0.002
20 0.156 0.093 0.050 0.025 0.011 0.005 0.002
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Table 4 - Continued

True Sigma Sei 0.070

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

2 0.157 0.110 0.072 0.044 0.025 0.013 0.007
3 0.166 0.114 0.074 0.044 0.025 0.013 0.007
4 0.172 0.117 0.075 0.045 0.025 0.013 0.006
5 0.176 0.119 0.076 0.045 0.025 0.013 0.006
6 0.179 0.121 0.076 0.045 0.025 0.013 0.006
7 0.181 0.122 0.077 0.045 0.025 0.013 0.006
8 0.183 0.123 0.077 0.045 0.025 0.013 0.006
9 0.185 0.124 0.078 0.046 0.025 0.013 0.006

10 0.186 0.124 0.078 0.046 0.025 0.013 0.006
11 0.187 0.125 0.078 0.046 0.025 0.013 0.006
12 0.188 0.125 0.078 0.046 0.025 0.013 0.006
13 0.189 0.126 0.079 0.046 0.025 0.013 0.006
14 0.190 0.126 0.079 0.046 0.025 0.013 0.006
15 0.190 0.127 0.079 0.046 0.025 0.013 0.006
16 0.191 0.127 0.079 0.046 0.025 0.013 0.006
17 0.191 0.127 0.079 0.046 0.025 0.013 0.006
18 0.192 0.127 0.079 0.046 0.025 0.013 0.006
19 0.192 0.127 0.079 0.046 0.025 0.013 0.006
20 0.193 0.128 0.079 0.046 0.025 0.013 0.006

True Sigma Sei 0.080

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

2 0.186 0.138 0.097 0.065 0.041 0.025 0.014
3 0.196 0.144 0.100 0.066 0.042 0.025 0.014
4 0.202 0.147 0.102 0.067 0.042 0.025 0.014
5 0.206 0.150 0.103 0.068 0.042 0.025 0.014
6 0.209 0.152 0.104 0.068 0.042 0.025 0.014
7 0.212 0.153 0.105 0.068 0.042 0.025 0.014
8 0.214 0.154 0.106 0.069 0.043 0.025 0.014
9 0.215 0.155 0.106 0.069 0.043 0.025 0.014

10 0.217 0.156 0.106 0.069 0.043 0.025 0.014
11 0.218 0.156 0.107 0.069 0.043 0.025 0.014
12 0.219 0.157 0.107 0.069 0.043 0.025 0.014
13 0.220 0.157 0.107 0.069 0.043 0.025 0.014
14 0.220 0.158 0.107 0.070 0.043 0.025 0.014
15 0.221 0.158 0.108 0.070 0.043 0.025 0.014
16 0.222 0.158 0.108 0.070 0.043 0.025 0.014
17 0.222 0.159 0.108 0.070 0.043 0.025 0.014
18 0.223 0.159 0.108 0.070 0.043 0.025 0.014
19 0.223 0.159 0.108 0.070 0.043 0.025 0.014
20 0.223 0.159 0.108 0.070 0.043 0.025 0.014
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Table 4 - Continued

True Siqua Sei 0.090

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09
2 0.212 0.165 0.123 0.088 0.060 0.040 0.025
3 0.222 0.171 0.126 0.089 0.061 0.040 0.025
4 0.228 0.175 0.128 0.091 0.061 0.040 0.025
5 0.232 0.177 0.130 0.091 0.062 0.040 0.025
6 0.235 0.179 0.131 0.092 0.062 0.040 0.025
7 0.238 0.181 0.132 0.092 0.062 0.040 0.025
8 0.240 0.182 0.132 0.093 0.062 0.040 0.025
9 0.241 0.183 0.133 0.093 0.063 0.040 0.025
10 0.243 0.184 0.133 0.093 0.063 0.040 0.025
11 0.244 0.184 0.134 0.093 0.063 0.040 0.025
12 0.245 0.185 0.134 0.094 0.063 0.040 0.025
13 0.245 0.185 0.134 0.094 0.063 0.040 0.025
14 0.246 0.186 0.135 0.094 0.063 0.040 0.025
15 0.247 0.186 0.135 0.094 0.063 0.040 0.025
16 0.247 0.186 0.135 0.094 0.063 0.041 0.025
17 0.248 0.187 0.135 0.094 0.063 0.041 0.025
18 0.248 0.187 0.135 0.094 0.063 0.041 0.025
19 0.249 0.187 0.136 0.094 0.063 0.041 0.025
20 0.249 0.187 0.136 0.094 0.063 0.041 0.025
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Table 5

Actual Significance Levels for Case II
when True Variances are Unknown

Lambda = 0.025 B = 1
Sigma Cor = 0.040

True Sigma Sei= 0.030

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09
3 0.025 0.021 0.019 0.017 0.016 0.016 0.015
4 0.025 0.019 0.016 0.014 0.013 0.013 0.012
5 0.025 0.018 0.014 0.012 0.011 0.010 0.010
6 0.025 0.017 0.013 0.011 0.010 0.009 0.008
7 0.025 0.016 0.012 0.010 0.009 0.008 0.007
8 0.025 0.016 0.011 0.009 0.008 0.007 0.006
9 0.025 0.015 0.011 0.008 0.007 0.006 0.006

10 0.025 0.015 0.010 0.008 0.007 0.006 0.005
11 0.025 0.014 0.010 0.007 0.006 0.005 0.005
12 0.025 0.014 0.009 0.007 0.006 0.005 0.004
13 0.025 0.014 0.009 0.007 0.005 0.005 0.004
14 0.025 0.014 0.009 0.007 0.005 0.004 0.004
15 0.025 0.013 0.009 0.006 0.005 0.004 0.004
16 0.025 0.013 0.008 0.006 0.005 0.004 0.004
17 0.025 0.013 0.008 0.006 0.005 0.004 0.003
18 0.025 0.013 0.008 0.006 0.005 0.004 0.003
19 0.025 0.013 0.008 0.006 0.004 0.004 0.003
20 0.025 0.013 0.008 0.006 0.004 0.004 0.003

True Sigma Sei= 0.040

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 0.030 0.025 0.022 0.021 0.019 0.019 0.018
4 0.032 0.025 0.021 0.019 0.017 0.016 0.016
5 0.034 0.025 0.020 0.018 0.016 0.015 0.014
6 0.036 0.025 0.020 0.017 0.015 0.013 0.013
7 0.037 0.025 0.019 0.016 0.014 0.013 0.012
8 0.038 0.025 0.019 0.015 0.013 0.012 0.011
9 0.039 0.025 0.018 0.015 0.013 0.011 0.010

10 0.039 0.025 0.018 0.014 0.012 0.011 0.010
11 0.040 0.025 0.018 0.014 0.012 0.010 0.010
12 0.041 0.025 0.018 0.014 0.012 0.010 0.009
13 0.041 0.025 0.017 0.014 0.011 0.010 0.009
14 0.042 0.025 0.017 0.013 0.011 0.010 0.009
15 0.042 0.025 0.017 0.013 0.011 0.009 0.009
16 0.042 0.025 0.017 0.013 0.011 0.009 0.008
17 0.043 0.025 0.017 0.013 0.011 0.009 0.008
18 0.043 0.025 0.017 0.013 0.010 0.009 0.008
19 0.043 0.025 0.017 0.013 0.010 0.009 0.008
20 0.043 0.025 0.017 0.013 0.010 0.009 0.008
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Table 5 - Continued

True Sigma Sei- 0.050

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 0.033 0.028 0.025 0.023 0.022 0.021 0.020
4 0.038 0.029 0.025 0.022 0.021 0.020 0.019
5 0.041 0.031 0.025 0.022 0.020 0.018 0.017
6 0.044 0.031 0.025 0.021 0.019 0.018 0.017
7 0.046 0.032 0.025 0.021 0.018 0.017 0.016
8 0.048 0.033 0.025 0.021 0.018 0.016 0.015
9 0.050 0.033 0.025 0.020 0.018 0.016 0.015
10 0.051 0.034 0.025 0.020 0.017 0.016 0.014
11 0.052 0.034 0.025 0.020 0.017 0.015 0.014
12 0.053 0.034 0.025 0.020 0.017 0.015 0.014
13 0.054 0.034 0.025 0.020 0.017 0.015 0.014
14 0.055 0.035 0.025 0.020 0.017 0.015 0.014
15 0.055 0.035 0.025 0.020 0.017 0.015 0.013
16 0.056 0.035 0.025 0.020 0.016 0.015 0.013
17 0.056 0.035 0.025 0.020 0.016 0.014 0.013
18 0.057 0.035 0.025 0.019 0.016 0.014 0.013
19 0.057 0.035 0.025 0.019 0.016 0.014 0.013
20 0.058 0.036 0.025 0.019 0.016 0.014 0.013

True Sigma Sei= 0.060

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 0.036 0.030 0.027 0.025 0.024 0.023 0.022
4 0.042 0.033 0.028 0.025 0.023 0.022 0.021
5 0.046 0.035 0.029 0.025 0.023 0.021 0.020
6 0.050 0.036 0.029 0.025 0.022 0.021 0.020
7 0.053 0.038 0.030 0.025 0.022 0.020 0.019
8 0.056 0.039 0.030 0.025 0.022 0.020 0.019
9 0.058 0.040 0.030 0.025 0.022 0.020 0.018

10 0.059 0.040 0.030 0.025 0.022 0.020 0.018
11 0.061 0.041 0.031 0.025 0.022 0.019 0.018
12 0.062 0.041 0.031 0.025 0.022 0.019 0.018
13 0.063 0.042 0.031 0.025 0.021 0.019 0.018
14 0.064 0.042 0.031 0.025 0.021 0.019 0.018
15 0.065 0.043 0.031 0.025 0.021 0.019 0.017
16 0.066 0.043 0.031 0.025 0.021 0.019 0.017
17 0.066 0.043 0.031 0.025 0.021 0.019 0.017
18 0.067 0.043 0.031 0.025 0.021 0.019 0.017
19 0.068 0.044 0.032 0.025 0.021 0.019 0.017
20 0.068 0.044 0.032 0.025 0.021 0.019 0.017
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Table 5 - Continued

True Sigma Sei= 0.070

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09
3 0.038 0.032 0.028 0.026 0.025 0.024 0.023
4 0.045 0.035 0.030 0.027 0.025 0.024 0.023
5 0.050 0.038 0.031 0.027 0.025 0.023 0.022
6 0.055 0.040 0.032 0.028 0.025 0.023 0.022
7 0.058 0.042 0.033 0.028 0.025 0.023 0.022
8 0.061 0.043 0.034 0.028 0.025 0.023 0.021
9 0.064 0.044 0.034 0.028 0.025 0.023 0.021

10 0.066 0.045 0.035 0.029 0.025 0.023 0.021
11 0.067 0.046 0.035 0.029 0.025 0.023 0.021
12 0.069 0.047 0.035 0.029 0.025 0.023 0.021
13 0.070 0.047 0.035 0.029 0.025 0.022 0.021
14 0.071 0.048 0.036 0.029 0.025 0.022 0.021
15 0.072 0.048 0.036 0.029 0.025 0.022 0.021
16 0.073 0.049 0.036 0.029 0.025 0.022 0.021
17 0.074 0.049 0.036 0.029 0.025 0.022 0.020
18 0.074 0.049 0.036 0.029 0.025 0.022 0.020
19 0.075 0.050 0.037 0.029 0.025 0.022 0.020
20 0.076 0.050 0.037 0.029 0.025 0.022 0.020

True Sigma Sei= 0.080

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09
3-- 0.039-0.033-0.030-0.027-0.026-0.025-0.024

3 0.039 0.033 0.030 0.027 0.026 0.025 0.024
4 0.047 0.037 0.032 0.029 0.026 0.025 0.024
5 0.053 0.040 0.033 0.029 0.027 0.025 0.024
6 0.058 0.043 0.035 0.030 0.027 0.025 0.024
7 0.062 0.045 0.036 0.030 0.027 0.025 0.024
8 0.065 0.046 0.037 0.031 0.027 0.025 0.023
9 0.068 0.048 0.037 0.031 0.027 0.025 0.023

10 0.070 0.049 0.038 0.031 0.028 0.025 0.023
11 0.072 0.050 0.038 0.032 0.028 0.025 0.023
12 0.074 0.051 0.039 0.032 0.028 0.025 0.023
13 0.075 0.051 0.039 0.032 0.028 0.025 0.023
14 0.076 0.052 0.039 0.032 0.028 0.025 0.023
15 0.077 0.052 0.039 0.032 0.028 0.025 0.023
16 0.078 0.053 0.040 0.032 0.028 0.025 0.023
17 0.079 0.053 0.040 0.032 0.028 0.025 0.023
18 0.080 0.054 0.040 0.033 0.028 0.025 0.023
19 0.081 0.054 0.040 0.033 0.028 0.025 0.023
20 0.081 0.054 0.040 0.033 0.028 0.025 0.023



Table 5 - Continued

True Sigma Sei- 0.090

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 0.040 0.034 0.030 0.028 0.027 0.026 0.025
4 0.049 0.039 0.033 0.030 0.027 0.026 0.025
5 0.055 0.042 0.035 0.031 0.028 0.026 0.025
6 0.061 0.045 0.037 0.032 0.028 0.026 0.025
7 0.065 0.047 0.038 0.032 0.029 0.027 0.025
8 0.068 0.049 0.039 0.033 0.029 0.027 0.025
9 0.071 0.050 0.039 0.033 0.029 0.027 0.025
10 0.074 0.052 0.040 0.034 0.029 0.027 0.025
10 0.076 0.053 0.041 0.034 0.030 0.027 0.025
12 0.077 0.054 0.041 0.034 0.030 0.027 0.025
13 0.079 0.054 0.042 0.034 0.030 0.027 0.025
14 0.080 0 055 0.042 0.034 0.030 0.027 0.025
15 0.08. 0.056 0.042 0.035 0.030 0.027 0.025
16 0.082 0.056 0.042 0.035 0.030 0.027 0.025
17 0.Cc3 0.057 0.043 0.035 0.030 0.027 0.025
18 0.084 0.057 0.043 0.035 0.030 0.027 0.025
19 0.085 0.057 0.043 0.035 0.030 0.027 0.025
20 0.085 0.058 0.043 0.035 0.030 0.027 0.025
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Table 6

F-Numbers for Case II
when True Variances are Unknown

Lambda = 0.025 B = 1
Sigma Cor = 0.040

True Sigma Sei= 0.030

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 1.43 1.48 1.52 1.54 1.56 1.58 1.59
4 1.30 1.33 1.36 1.38 1.39 1.40 1.41
5 1.25 1.28 1.31 1.32 1.34 1.35 1.35
6 1.22 1.26 1.28 1.29 1.31 1.32 1.32
7 1.21 1.24 1.26 1.28 1.29 1.30 1.30
8 1.20 1.23 1.25 1.27 1.28 1.28 1.29
9 1.19 1.22 1.24 1.26 1.27 1.28 1.28

10 1.19 1.22 1.24 1.25 1.26 1.27 1.28
11 1.18 1.21 1.23 1.25 1.26 1.26 1.27
12 1.18 1.21 1.23 1.24 1.25 1.26 1.27
13 1.18 1.20 1.22 1.24 1.25 1.26 1.26
14 1.17 1.20 1.22 1.24 1.25 1.25 1.26
15 1.17 1.20 1.22 1.23 1.24 1.25 1.26
16 1.17 1.20 1.22 1.23 1.24 1.25 1.26
17 1.17 1.20 1.22 1.23 1.24 1.25 1.25
18 1.17 1.19 1.21 1.23 1.24 1.25 1.25
19 1.17 1.19 1.21 1.23 1.24 1.25 1.25
20 1.16 1.19 1.21 1.23 1.24 1.24 1.25

True Sigma Sei= 0.040

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 1.50 1.56 1.60 1.63 1.66 1.68 1.69
4 1.34 1.38 1.42 1.44 1.46 1.47 1.48
5 1.29 1.32 1.35 1.37 1.39 1.40 1.41
6 1.26 1.29 1.32 1.34 1.35 1.36 1.37
7 1.24 1.27 1.30 1.32 1.33 1.34 1.35
8 1.23 1.26 1.29 1.31 1.32 1.33 1.34
9 1.22 1.25 1.28 1.30 1.31 1.32 1.32

10 1.21 1.25 1.27 1.29 1.30 1.31 1.32
11 1.21 1.24 1.27 1.28 1.30 1.30 1.31
12 1.20 1.24 1.26 1.28 1.29 1.30 1.31
13 1.20 1.23 1.26 1.27 1.29 1.30 1.30
14 1.20 1.23 1.25 1.27 1.28 1.29 1.30
15 1.20 1.23 1.25 1.27 1.28 1.29 1.30
16 1.19 1.23 1.25 1.27 1.28 1.29 1.29
17 1.19 1.22 1.25 1.26 1.28 1.29 1.29
18 1.19 1.22 1.25 1.26 1.27 1.28 1.29
19 1.19 1.22 1.24 1.26 1.27 1.28 1.29
20 1.19 1.22 1.24 1.26 1.27 1.28 1.29



Table 6 - Continued

True Sigma Sei= 0.050

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 1.58 1.65 1.70 1.74 1.77 1.79 1.81
4 1.39 1.44 1.48 1.51 1.53 1.55 1.56
5 1.33 1.37 1.41 1.43 1.45 1.46 1.47
6 1.30 1.34 1.37 1.39 1.41 1.42 1.43
7 1.28 1.32 1.35 1.37 1.38 1.40 1.40
8 1.26 1.30 1.33 1.35 1.37 1.38 1.39
9 1.25 1.29 1.32 1.34 1.36 1.37 1.37
10 1.24 1.28 1.31 1.33 1.35 1.36 1.37
11 1.24 1.28 1.31 1.33 1.34 1.35 1.36
12 1.23 1.27 1.30 1.32 1.33 1.35 1.35
13 1.23 1.27 1.30 1.32 1.33 1.34 1.35
14 1.23 1.27 1.29 1.31 1.33 1.34 1.34
15 1.22 1.26 1.29 1.31 1.32 1.33 1.34
16 1.22 1.26 1.29 1.31 1.32 1.33 1.34
17 1.22 1.26 1.28 1.30 1.32 1.33 1.34
18 1.22 1.26 1.28 1.30 1.32 1.33 1.33
19 1.22 1.25 1.28 1.30 1.31 1.32 1.33
20 1.21 1.25 1.28 1.30 1.31 1.32 1.33

True Sigma Sei= 0.060

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 1.67 1.76 1.82 1.87 1.90 1.93 1.95
4 1.45 1.51 1.56 1.59 1.62 1.63 1.65
5 1.38 1.43 1.47 1.50 1.52 1.53 1.54
6 1.34 1.39 1.42 1.45 1.47 1.48 1.50
7 1.32 1.36 1.40 1.42 1.44 1.45 1.47
8 1.30 1.35 1.38 1.40 1.42 1.44 1.45
9 1.29 1.33 1.37 1.39 1.41 1.42 1.43

10 1.28 1.32 1.36 1.38 1.40 1.41 1.42
11 1.27 1.32 1.35 1.37 1.39 1.40 1.41
12 1.27 1.31 1.34 1.37 1.38 1.40 1.41
13 1.26 1.31 1.34 1.36 1.38 1.39 1.40
14 1.26 1.30 1.34 1.36 1.37 1.39 1.40
15 1.26 1.30 1.33 1.35 1.37 1.38 1.39
16 1.25 1.30 1.33 1.35 1.37 1.38 1.39
17 1.25 1.29 1.33 1.35 1.37 1.38 1.39
18 1.25 1.29 1.32 1.35 1.36 1.37 1.38
19 1.25 1.29 1.32 1.34 1.36 1.37 1.38
20 1.24 1.29 1.32 1.34 1.36 1.37 1.38
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Table 6 - Continued

True Sigma Sei= 0.070

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 1.78 1.88 1.96 2.01 2.06 2.09 2.11
4 1.52 1.59 1.64 1.68 1.71 1.73 1.75
5 1.43 1.49 1.54 1.57 1.59 1.61 1.63
6 1.39 1.44 1.49 1.52 1.54 1.56 1.57
7 1.36 1.41 1.45 1.48 1.51 1.52 1.53
8 1.34 1.39 1.43 1.46 1.48 1.50 1.51
9 1.33 1.38 1.42 1.45 1.47 1.48 1.49
10 1.32 1.37 1.41 1.44 1.45 1.47 1.48
11 1.31 1.36 1.40 1.43 1.45 1.46 1.47
12 1.30 1.35 1.39 1.42 1.44 1.45 1.46
13 1.30 1.35 1.39 1.41 1.43 1.45 1.46
14 1.29 1.34 1.38 1.41 1.43 1.44 1.45
15 1.29 1.34 1.38 1.40 1.42 1.44 1.45
16 1.29 1.34 1.37 1.40 1.42 1.43 1.44
17 1.28 1.33 1.37 1.40 1.42 1.43 1.44
18 1.28 1.33 1.37 1.39 1.41 1.43 1.44
19 1.28 1.33 1.37 1.39 1.41 1.42 1.44
20 1.28 1.33 1.36 1.39 1.41 1.42 1.43

True Sigma Sei= 0.080

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 1.89 2.01 2.10 2.17 2.22 2.26 2.29
4 1.59 1.67 1.73 1.78 1.81 1.84 1.86
5 1.49 1.56 1.61 1.65 1.68 1.70 1.72
6 1.44 1.50 1.55 1.59 1.61 1.63 1.65
7 1.40 1.47 1.52 1.55 1.57 1.59 1.61
8 1.38 1.45 1.49 1.52 1.55 1.57 1.58
9 1.37 1.43 1.47 1.51 1.53 1.55 1.56

10 1.36 1.42 1.46 1.49 1.52 1.53 1.55
11 1.35 1.41 1.45 1.48 1.51 1.52 1.53
12 1.34 1.40 1.44 1.47 1.50 1.51 1.53
13 1.34 1.39 1.44 1.47 1.49 1.51 1.52
14 1.33 1.39 1.43 1.46 1.48 1.50 1.51
15 1.33 1.38 1.43 1.46 1.48 1.50 1.51
16 1.32 1.38 1.42 1.45 1.47 1.49 1.50
17 1.32 1.38 1.42 1.45 1.47 1.49 1.50
18 1.32 1.37 1.42 1.45 1.47 1.48 1.50
19 1.31 1.37 1.41 1.44 1.47 1.48 1.49
20 1.31 1.37 1.41 1.44 1.46 1.48 1.49
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Table 6 - Continued

True Sigm Sei= 0.090

Estimated Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

3 2.02 2.16 2.27 2.35 2.41 2.46 2.49
4 1.67 1.76 1.83 1.89 1.92 1.95 1.98
5 1.55 1.63 1.69 1.74 1.77 1.79 1.81
6 1.49 1.57 1.62 1.66 1.69 1.72 1.73
7 1.45 1.53 1.58 1.62 1.65 1.67 1.68
8 1.43 1.50 1.55 1.59 1.62 1.64 1.65
9 1.41 1.48 1.53 1.57 1.60 1.62 1.63
10 1.40 1.47 1.52 1.55 1.58 1.60 1.62
11 1.39 1.46 1.51 1.54 1.57 1.59 1.60
12 1.38 1.45 1.50 1.53 1.56 1.58 1.59
13 1.37 1.44 1.49 1.53 1.55 1.57 1.58
14 1.37 1.44 1.48 1.52 1.54 1.56 1.58
15 1.36 1.43 1.48 1.51 1.54 1.56 1.57
16 1.36 1.43 1.47 1.51 1.53 1.55 1.57
17 1.36 1.42 1.47 1.50 1.53 1.55 1.56
18 1.35 1.42 1.47 1.50 1.53 1.54 1.56
19 1.35 1.42 1.46 1.50 1.52 1.54 1.55
20 1.35 1.41 1.46 1.50 1.52 1.54 1.55



Table 7

F-Numbers for Modified Case II in (2.23)

LAMBDA = .025
B= 1

True Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

2 3.36 3.94 4.72 5.74 7.05 8.74 10.88
3 1.62 1.72 1.85 2.00 2.17 2.37 2.58
4 1.44 1.52 1.60 1.70 1.81 1.93 2.07
5 1.38 1.44 1.51 1.60 1.69 1.79 1.90
6 1.35 1.41 1.47 1.54 1.63 1.72 1.81
7 1.33 1.38 1.44 1.51 1.59 1.67 1.76
8 1.32 1.37 1.43 1.49 1.56 1.64 1.73
9 1.31 1.36 1.41 1.48 1.55 1.62 1.70
10 1.30 1.35 1.40 1.47 1.53 1.61 1.69
11 1.30 1.34 1.40 1.46 1.52 1.59 1.67
12 1.29 1.34 1.39 1.45 1.51 1.58 1.66
13 1.29 1.33 1.39 1.44 1.51 1.58 1.65
14. 1.29 1.33 1.38 1.44 1.50 1.57 1.64
15 1.28 1.33 1.38 1.43 1.50 1.56 1.64
16 1.28 1.32 1.37 1.43 1.49 1.56 1.63
17 1.28 1.32 1.37 1.43 1.49 1.56 1.63
18 1.28 1.32 1.37 1.43 1.49 1.55 1.62
19 1.28 1.32 1.37 1.42 1.48 1.55 1.62
20 1.28 1.32 1.37 1.42 1.48 1.55 1.62



Table 8

Actual Significance Levels for
Modified Case II Test in (2.23)

LAMBDA = .025
B = 1

True Sigma Sei

k 0.03 0.04 0.05 0.06 0.07 0.08 0.09

2 .019 .020 .022 .022 .023 .023 .024
3 .013 .016 .018 .020 .021 .021 .022
4 .010 .013 .016 .018 .019 .020 .021
5 .008 .011 .014 .016 .018 .019 .020
6 .006 .010 .013 .015 .017 .018 .020
7 .005 .009 .012 .014 .016 .018 .019
8 .004 .008 .011 .014 .016 .018 .019
9 .004 .007 .011 .013 .015 .017 .019
10 .003 .007 .010 .013 .015 .017 .018
11 .003 .006 .010 .013 .015 .017 .018
12 .003 .006 .009 .012 .015 .016 .018
13 .003 .006 .009 .012 .014 .016 .018
14 .002 .006 .009 .012 .014 .016 .018
15 .002 .005 .009 .012 .014 .016 .018
16 .002 .005 .009 .012 .014 .016 .017
17 .002 .005 .008 .011 .014 .016 .017
18 .002 .005 .008 .011 .014 .016 .017
19 .002 .005 .008 .011 .014 .016 .017
20 .002 .005 .008 .011 .014 .016 .017



Table 9. Bias and JMSE for Estimating asei* using Mixture-of-Normals Approach

Number of Components

2 3 4

bias ,JMSE bias 4MSE bias -FMSE

1.5G .006 .018 .016 .029 .018 .035

2a .006 .023 .011 .029 .017 .029

2.5o .001 .022 .008 .024 .017 .032

5a -. 005 .010 -. 004 .008 -. 003 .007

* True asei =.06

41



CONTRACTORS (UNITED STATES) 10/15/90

Prof. Thomas Ahrens Professor Anton W. Dainty
Seismological Lab, 252-21 Earth Resources Laboratory
Division of Geological & Planetary Sciences Massachusetts Institute of Technology
California Institute of Technology 42 Carleton Street
Pasadena, CA 91125 Cambridge, MA 02142

Prof. Charles B. Archambeau Prof. Steven Day
CIRES Department of Geological Sciences
University of Colorado San Diego State University
Boulder, CO 80309 San Diego, CA 92182

Dr. Thomas C. Bache, Jr. Dr. Zoltan A. Der
Science Applications Int'l Corp. ENSCO, Inc.
10260 Campus Point Drive 5400 Port Royal Road
San Diego, CA 92121 (2 copies) Springfield, VA 22151-2388

Prof. Muawia Barazangi Prof. John Ferguson
Institute for the Study of the Continent Center for Lithospheric Studies
Cornell University The University of Texas at Dallas
Ithaca, NY 14853 P.O. Box 830688

Richardson, TX 75083-0688

Dr. Douglas R. Baumgardt Dr. Mark D. Fisk
ENSCO, Inc Mission Research Corporation
5400 Port Royal Road 735 State Street
Springfield, VA 22151-2388 P.O. Drawer 719

Santa Barbara, CA 93102

Prof. Jonathan Berger Prof. Stanley Ilatte
IGPP, A-025 Applied Sciences Building
Scripps Institution of Oceanography University of CaliforniaUniversity of California, San Diego Santa Cruz, CA 95064
La Jolla, CA 92093

Dr. Lawrence J. Burdick Dr. Alexander Florence
Woodward-Clyde Consultants SRI International
566 El Dorado Street 333 Ravenswood Avenue
Pasadena, CA 91109-3245 Menlo Park, CA 94025-3493

Dr. Jerry Carter Prof. Henry L. Gray
Center for Seismic Studies Vice Provost and Dean
1300 North 17th St., Suite 1450 Department of Statistical Sciences
Arlington, VA 22209-2308 Southern Methodist University

Dallas, TX 75275

Dr. Karl Coyner Dr. Indra Gupta
New England Research, Inc. Teledyne Geotech
76 Olcott Drive 314 Montgomery Street
White River Junction, VT 05001 Alexandria, VA 22314

Prof. Vernon F. Cormier Prof. David G. Harkrider
Department of Geology & Geophysics Seismological Laboratory
U-45, Room 207 Division of Geological & Planetary Sciences
The University of Connecticut California Institute of Technology
Storrs, CT 06268 Pasadena, CA 91125



Prof. Donald V. HeDmberger )r. Christopher Lynnes
Seismological Laboratory New ledyne Geotech
Division of Geological & Planetary Sciences 14 Montgomery Street
California InstitWRte of Technology .eexandria, VA 22314
Pasadena, CA 91125

Prof. Eugene Herin ?rof. Peter Malin
Institute obr the Study of Earth and Man University of California at Santa BarbaraGeophysical Laboratory nstitute for Crstal Studies

Southern Methodist University anta Brbara, CA 93106Dallas, TX 75275

Prof. Bryan Rsacks sr. Randolph Martin, III
Cornell University New England Research, Inc.Department of Geological Sciences -76 Olcott Drive

SNEE Hall White River Junction, VT 05001
Ithaca, NY 14850

Dr. Rong-Song Jih P rof, Wllmn s V. McEvilly
Teledyne Geotech Seismographic Station
314 Montgomery Street University of California
Alexandria, VA 22314 Berkeley, CA 94720

Prof. Lane R. Johnson Dr. Keih L. McLaughlinSeismographic Station S-CUBED

University of Califoria A Division of Maxwell Laboratory
Berkeley, CA 94720 P.O. Box 1620

U I 1a Jolla, CA 92038-1620

Pr. Richard LaCoss rof, William Menke
MIT-Lincoln Laboratory cesont-Doherty Geological Observatory
TM-200B :it Columbia UniversityP. 0. Box 73 'alisades, NY 10964

Lexington, MA 02173-0073 (3 copiAes)

Prof Fred K. Lamb Btephen Miller
University of Illinois at Urbana-Champaign ofRI Inteartonal
Department of Physics t33 Ravenswo i Avenue

Iv10 West Green Street 3ox AF 116
Urbana, IL 61801 64lenlo Park, CA 94025-3493

Prof. Charles A. Langston rof. Bernard Minster
Geosciences Department -GPP, A-025403 Deike Building ,Scripps Institute of Oceanography

The Pensylvania State University iversity of Cal ri eUniversity Park, PA 16802 a Jolla, CA 92093

P'rof. Thorne Lay ?rotf. Brian J. Mitchell
Institute of Tectonics Department of Earthi & Atmospheric Sciences
Earth Science Board :t.Louis University
University of California, Santa Cruz S't. Louis, MO 63156
Santa Cruz, CA 95064

Prof. Arthur Lerner-Lam 'Mr. Jack Murphy
Lamont-Doherty Geological Observatory S-CUBED, A Division of Maxwell Laboratory.
of Columbia University. 11800 Sunrise Valley Dri ve

Palisades, NY 10964... Suite 1212
Reston, VA 22091 (2 copies)

2



Prof. John A. Orcutt Prof. Brian Stump
IGPP, A-025 Institute for the Study of Earth & Man
Scripps Institute of Oceanography Geophysical Laboratory
University of California, San Diego Southern Methodist University
La Jolla, CA 92093 Dallas, TX 75275

Prof. Keith Priestley Prof. Jeremiah Sullivan
University of Cambridge University of Illinois at Urbana-Champaign
Bullard Labs, Dept. of Earth Sciences Department of Physics
Madingley Rise, Madingley Rd. I 110 West Green Street
Cambridge CB3 OEZ, ENGLAND Urbana, IL 61801

Dr. Jay J. Pulli Prof. Clifford Thurber
Radix Systems, Inc. University of Wisconsin-Madison
2 Taft Court, Suite 203 Department of Geology & Geophysics
Rockville, MD 20850 1215 West Dayton Street

Madison, WS 53706

Prof. Paul G. Richards Prof. M. Nafi Toksoz
Lamont Doherty Geological Observatory Earth Resources Lab
of Columbia University Massachusetts Institute of Technology

Palisades, NY 10964 42 Carleton Street
Cambridge, MA 02142

Dr. Wilmer Rivers Prof. John E. Vidale
Teledyne Geotech University of California at Santa Cruz
314 Montgomery Street Seismological Laboratory
Alexandria, VA 22314 Santa Cruz, CA 95064

Prof. Charles G. Sammis Prof. Terry C. Wallace
Center for Earth Sciences Department of Geosciences
University of Southern California Building #77
University Park University of Arizona
Los Angeles, CA 90089-0741 Tucson, AZ 85721

Prof. Christopher H. Scholz Dr. William Wortman

Lamont-Doherty Geological Observatory Mission Research Corporation

of Columbia University 8560 Cinderbed Road

Palisades, NY 10964 Suite # 700
Newington, VA 22122

Thomas J. Sereno, Jr.
Science Application Int'l Corp.
10260 Campus Point Drive
San Diego, CA 92121

Prof. David G. Simpson
Lamont-Doherty Geological Observatory
of Columbia University
Palisades, NY 10964

Dr. Jeffrey Stevens
S-CUBED
A Division of Maxwell Laboratory
P.O. Box 1620
La Jolla, CA 92038-1620

3I



OTHERS (UNITED STATES)

Dr. Monem Abdel-Gawad Dr. G.A. Bollinger
Rockwell International Science Center Department of Geological Sciences
1049 Camino Dos Rios Virginia Polytechnical Institute
Thousand Oaks, CA 91360 21044 Derring Hall

Blacksburg, VA 24061

Prof. Keiiti Aki Dr. Stephen Bratt
Center for Earth Sciences Center for Seismic Studies
University of Southern California 1300 North 17th Street
University Park Suite 1450
Los Angeles, CA 90089-0741 Arlington, VA 22209

Prof. Shelton S. Alexander Michael Browne
Geosciences Department Teledyne Geotech
403 Deike Building 3401 Shiloh Road
The Pennsylvania State University Garland, TX 75041
University Park, PA 16802

Dr. Kenneth Anderson Mr. Roy Burger
BBNSTC 1221 Serry Road
Mail Stop 14/1B Schenectady, NY 12309
Cambridge, MA 02238

Dr. Ralph Archuleta Dr. Robert Burridge
Department of Geological Sciences Schlumberger-Doll Research Center
University of California at Santa Barbara Old Quarry Road
Santa Barbara, CA 93102 Ridgefield, CT 06877

Dr. Jeff Barker Dr. W. Winston Chan
Department of Geological Sciences Teledyne Geotech
State University of New York 314 Montgomery Street
at Binghamton Alexandria, VA 22314-1581
Vestal, NY 13901

Dr. Susan Beck Dr. Theodore Cherry
Department of Geosciences, Bldg # 77 Science Horizons, Inc.
University of Arizona 710 Encinitas Blvd., Suite 200
Tucson, AZ 85721 Encinitas, CA 92024 (2 copies)

Dr. T.J. Bennett Prof. Jon F. Claerbout
S-CUBED Department of Geophysics
A Division of Maxwell Laboratory Stanford University
11800 Sunrise Valley Drive, Suite 1212 Stanford, CA 94305
Reston, VA 22091

Mr. William J. Best Prof. Robert W. Clayton
907 Westwood Drive Seismological Laboratory
Vienna, VA 22180 Division of Geological & Planetary Sciences

California Institute of Technology
Pasadena, CA 91125

Dr. N. Biswas Prof. F. A. Dahlen
Geophysical Institute Geological and Geophysical Sciences
University of Alaska Princeton University
Fairbanks, AK 99701 Princeton, NJ 08544-0636

4



Prof. Adam Dziewonski Prof. Roy Greenfield
Hoffman Laboratory Geosciences Department
Harvard University 403 Deike Building
20 Oxford St The Pennsylvania State University
Cambridge, MA 02138 University Park, PA 16802

Prof. John Ebel Dan N. Hagedorn
Department of Geology & Geophysics Battelle
Boston College Pacific Northwest Laboratories
Chestnut Hill, MA 02167 Battelle Boulevard

Richland, WA 99352

Eric Fielding Dr. James Hannon
SNEE Hall Lawrence Livermore National Laboratory
INSTOC P.0. Box 808
Cornell University Livermore, CA 94550
Ithaca, NY 14853

Prof. Donald Forsyth Prof. Robert B. Herrmann
Department of Geological Sciences Dept. of Earth & Atmospheric Sciences
Brown University St. Louis University
Providence, RI 02912 St. Louis, MO 63156

Dr. Cliff Frolich Ms. Heidi Houston
Institute of Geophysics Seismological Laboratory
8701 North Mopac University of California
Austin, TX 78759 Santa Cruz, CA 95064

Dr. Anthony Gangi Kevin Hutchenson
Texas A&M University Department of Earth Sciences
Department of Geophysics St. Louis University
College Station, TX 77843 3507 Laclede

St. Louis, MO 63103

Dr. Freeman Gilbert Dr. Hans Israelsson
IGPP, A-025 Center for Seismic Studies
Scripps Institute of Oceanography 1300 N. 17th Street, Suite 1450
University of California Arlington, VA 22209-2308
La Jolla, CA 92093

Mr. Edward Giller Prof. Thomas H. Jordan
Pacific Sierra Research Corp. Department of Earth, Atmospheric
1401 Wilson Boulevard and Planetary Sciences
Arlington, VA 22209 Massachusetts Institute of Technology

Cambridge, MA 02139

Dr. Jeffrey W. Given Prof. Alan Kafka
SAIC Department of Geology & Geophysics
10260 Campus Point Drive Boston College
San Diego, CA 92121 Chestnut Hill, MA 02167

Prof. Stephen Grand Robert C. Kemerait
University of Texas at Austin ENSCO, Inc.
Department of Geological Sciences 445 Pineda Court
Austin, TX 78713-7909 Melbourne, FL 32940

5



William Kikendall Prof. Amos Nur
Teledyne Geotech Department of Geophysics
3401 Shiloh Road Stanford University
Garland, TX 75041 Stanford, CA 94305

Prof. Leon Knopoff Prof. Jack Oliver
University of California Department of Geology
Institute of Geophysics & Planetary Physics Cornell University
Los Angeles, CA 90024 Ithaca, NY 14850

Prof. L. Timothy Long Dr. Kenneth Olsen
School of Geophysical Sciences P. 0. Box 1273
Georgia Institute of Technology Linwood, WA 98046-1273
Atlanta, GA 30332

Dr. Gary McCartor Howard J. Patton
Department of Physics Lawrence Livermore National Laboratory
Southern Methodist University L-205
Dallas, TX 75275 P. O. Box 808

Livermore, CA 94550

Prof. Art McGarr Prof. Robert Phinney
Mail Stop 977 Geological & Geophysical Sciences
Geological Survey Princeton University
345 Middlefield Rd. Princeton, NJ 08544-0636
Menlo Park, CA 94025

Dr. George Mellman Dr. Paul Pomeroy
Sierra Geophysics Rondout Associates
11255 Kirkland Way P.O. Box 224
Kirkland, WA 98033 Stone Ridge, NY 12484

Prof. John Nabelek Dr. Jay Pulli
College of Oceanography RADIX System, Inc.
Oregon State University 2 Taft Court, Suite 203
Corvallis, OR 97331 Rockville, MD 20850

Prof. Geza Nagy Dr. Norton Rimer
University of California, San Diego S-CUBED
Department of Ames, M.S. B-010 A Division of Maxwell Laboratory
La Jolla, CA 92093 P.O. Box 1620

La Jolla, CA 92038-1620

Dr. Keith K. Nakanishi Prof, Larry J. Ruff
Lawrence Livermore National Laboratory Department of Geological Sciences
L-205 1006 C.C. Little Building
P. 0. Box 808 University of Michigan
Livermore, CA 94550 Ann Arbor, MI 48109-1063

Dr. Bao Nguyen Dr. Richard Sailor
GI/LWH TASC Inc.
Hanscom AFB, MA 01731-5000 55 Walkers Brook Drive

Reading, MA 01867

6



Dr. Susan Schwartz Dr. David Taylor
Institute of Tectonics ENSCO, Inc.
1156 High St. 445 Pineda Court
Santa Cruz, CA 95064 Melbourne, FL 32940

John Sherwin Dr. Steven R. Taylor
Teledyne Geotech Lawrence Livermore National Laboratory
3401 Shiloh Road L-205
Garland, TX 75041 P.O. Box 808

Livermore, CA 94550

Dr. Matthew Sibol Professor Ta-Liang Teng
Virginia Tech Center for Earth Sciences
Seismological Observatory University of Southern California
4044 Derring Hall University Park
Blacksburg, VA 24061-0420 Los Angeles, CA 90089-0741

Dr. Albert Smith Dr. R.B. Tittmann
Lawrence Livermore National Laboratory Rockwell International Science Center
L-205 1049 Camino Dos Rios
P. 0. Box 808 P.O. Box 1085
Livermore, CA 94550 Thousand Oaks, CA 91360

Prof. Robert Smith Dr. Gregory van der Vink
Department of Geophysics IRIS, Inc.
University of Utah 1616 North Fort Myer Drive
1400 East 2nd South Suite 1440
Salt Lake City, UT 84112 Arlington, VA 22209

Dr. Stewart W. Smith Professor Daniel Walker
Geophysics AK-50 University of Hawaii
University of Washington Institute of Geophysics
Seattle, WA 98195 Honolulu, HI 96822

Donald L. Springer William R. Walter
Lawrence Livermore National Laboratory Seismological Laboratory
L-205 University of Nevada
P. 0. Box 808 Reno, NV 89557
Livermore, CA 94550

Dr. George Sutton Dr. Raymond Willeman
Rondout Associates GI.LWH
P.O. Box 224 Hanscom AFB, MA 01731-5000
Stone Ridge, NY 12484

Prof. L. Sykes Dr. Gregory Wojcik
Lamont-Doherty Geological Observatory Weidlinger Associates
of Columbia University 4410 El Camino Real
Palisades, NY 10964 Suite 110

Los Altos, CA 94022

Prof. Pradeep Talwani Dr. Lorraine Wolf
Department of Geological Sciences GL/LWH
University of South Carolina Hanscom AFB, MA 01731-5000
Columbia, SC 29208

7



Prof. Francis T. Wu
Department of Geological Sciences
State University of New York
at Binghamton
Vestal, NY 13901

Dr. Gregory B. Young
ENSCO, Inc.
5400 Port Royal Road
Springfield, VA 22151-2388

Dr. Eileen Vergino
Lawrence Livermore National Laboratory
L-205
P. 0. Box 808
Livermore, CA 94550

J. J. Zucca
Lawrence Livermore National Laboratory
P. 0. Box 808
Livermore, CA 94550

8



GOVERNMENT

Dr. Ralph Alewine III Dr. T. Hanks
DARPA/NMRO USGS
1400 Wilson Boulevard Nat'l Earthquake Research Center
Arlington, VA 22209-2308 345 Middlefield Road

Menlo Park, CA 94025

Mr. James C. Battis Paul Johnson
GL/LWH ESS-4, Mail Stop J979
Hanscom AFB, MA 01731-5000 Los Alamos National Laboratory

Los Alamos, NM 87545

Dr. Robert Blandford Janet Johnston
AFTAC11r GQLWH
Center for Seismic Studies Hanscom AFB, MA 01731-5000
1300 North 17th St., Suite 1450
Arlington, VA 22209-2308

Eric Chael Dr. Katharine Kadinsky-Cade
Division 9241 GL/LWH
Sandia Laboratory Hanscom AFB, MA 01731-5000
Albuquerque, NM 87185

Dr. John J. Cipar Ms. Ann Kerr
GI/LWH IGPP, A-025
Hanscom AFB, MA 01731-5000 Scripps Institute of Oceanography

University of California, San Diego
La Jolla, CA 92093

Cecil Davis Dr. Max Koontz
Group P-15, Mail Stop D406 US Dept of Energy/DP 5
P.O. Box 1663 Forrestal Building
Los Alamos National Laboratory 1000 Independence Avenue
Los Alamos, NM 87544 Washington, DC 20585

Dr. W.H.K. Lee
Mr. Jeff Duncan Office of Earthquakes, Volcanoes,
Office of Congressman Markey & Engineering
2133 Rayburn House Bldg. 345 Middlefield Road
Washington, DC 20515 Menlo Park, CA 94025

Dr. William Leith
Dr. Jack Evernden U.S. Geological Survey
USGS - Earthquake Studies Mail Stop 928
345 Middlefield Road Reston, VA 22092
Menlo Park, CA 94025

Dr. Richard Lewis
Art Frankel Director, Earthquake Engineering & Geophysics
USGS U.S. Army Corps of Engineers
922 National Center Box 631
Reston, VA 22092 Vicksburg, MS 39180

James F. Lewkowicz
Dr. Dale Glover GI.,LWH
DIA/DT-IB Hanscom AFB, MA 01731-5000
Washington, DC 20301

9



Mr. Alfred Lieberman Katie Poley
ACDA/VI-OA'State Department Bldg CIA-ACIS/TMC
Room 5726 Room 4X 16NHB
320 - 21st Street, NW Washington, DC 20505
Washington, DC 20451

Stephen Mangino Mr. Jack Rachlin
GLLWH U.S. Geological Survey
Hanscom AFB, MA 01731-5000 Geology, Rm 3 C136

Mail Stop 928 National Center
Reston, VA 22092

Dr. Robert Masse Dr. Robert Reinke
Box 25046, Mail Stop 967 WL/NTESG
Denver Federal Center Kirtland AFB, NM 87117-6008
Denver, CO 80225

Art McGarr Dr. Byron Ristvet
U.S. Geological Survey, MS-977 HQ DNA, Nevada Operations Office
345 Middlefield Road Attn: NVCG
Menlo Park, CA 94025 P.O. Box 98539

Las Vegas, NV 89193

Richard Morrow Dr. George Rothe
ACDA/VI, Room 5741 HQ AFTACYTTR
320 21st Street N.W Patrick AFB, FL 32925-6001
Washington, DC 20451

Dr. Carl Newton Dr. Alan S. Ryall, Jr.
Los Alamos National Laboratory DARPA/NMRO
P.O. Box 1663 1400 Wilson Boulevard
Mail Stop C335, Group ESS-3 Arlingto-i, VA 22209-2308
Los Alamos, NM 87545

Dr. Kenneth H. Olsen Dr. Michael Shore
Los Alamos Scientific Laboratory Defense Nuclear Agency/SPSS
P. 0. Box 1663 6801 Telegraph Road
Mail Stop D-406 Alexandria, VA 22310
Los Alamos, NM 87545

Mr. Chris Paine Mr. Charles L. Taylor
Office of Senator Kennedy GL/LWG
SR 315 Hanscom AFB, MA 01731-5000
United States Senate
Washington, DC 20510

Colonel Jerry J. Perrizo Dr. Larry Turnbull
AFOSR/NP, Building 410 CIA-OSWR/NED
Bolling AFB Washington, DC 20505
Washington, DC 20332-6448

Dr. Frank F. Pilotte Dr. Thomas Weaver
HQ AFTACIT Los Alamos National Laboratory
Patrick AFB, FL 32925-6001 P.O. Box 1663, Mail Stop C335

Los Alamos, NM 87545
10



GL,/SULL Defense Intelligence Agency
Research Library Directorate for Scientific & Technical Intelligence
Hanscom AFB , MA 01731-5000 (2 copies) Attn: DT1B

Washington, DC 20340-6158

Secretary of the Air Force AFTAC/CA
(SAFRD) (STINFO)
Washington, DC 20330 Patrick AFB, FL 32925-6001

Office of the Secretary Defense TACrEC
DDR&E Battelle Memorial Institute
Washington, DC 20330 505 King Avenue

Columbus, OH 43201 (Final Report Only)

HQ DNA
Atm: Technical Library
Washington, DC 20305

DARPA/RMO/RETRIEVAL
1400 Wilson Boulevard
Arlington, VA 22209

DARPA/RMO/Security Office
1400 Wilson Boulevard
Arlington, VA 22209

Geophysics Laboratory
Atm: XO
Hanscom AFB, MA 01731-5000

Geophysics Laboratory
Atm: LW
Hanscom AFB, MA 01731-5000

DARPA/PM
1400 Wilson Boulevard
Arlington, VA 22209

Defense Technical Information Center
Cameron Station
Alexandria, VA 22314 (5 copies)

11



CONTRACTORS (FOREIGN)

Dr. Ramon Cabre, S.J.
Observatorio San Calixto
Casilla 5939
La Paz, Bolivia

Prof. Hans-Peter Harjes
Institute for Geophysik
Ruhr University/Bochum
P.O. Box 102148
4630 Bochum 1, FRG

Prof. Eystein Husebye
NTNF/NORSAR
P.O. Box 51
N-2007 Kjeller, NORWAY

Prof. Brian L.N. Kennett
Research School of Earth Sciences
Institute of Advanced Studies
G.P.O. Box 4
Canberra 2601, AUSTRALIA

Dr. Bernard Massinon
Societe Radiomana
27 rue Claude Bernard
75005 Paris, FRANCE (2 Copies)

Dr. Pierre Mecheler
Societe Radiomana
27 rue Claude Bernard
75005 Paris, FRANCE

Dr. Svein Mykkeltveit
NTNF/NORSAR
P.O. Box 51
N-2007 Kjeller, NORWAY (3 copies)

12



FOREIGN (OTHER)

Dr. Peter Basham Dr. Fekadu Kebede
Earth Physics Branch Seismological Section
Geological Survey of Canada Box 12019
1 Observatory Crescent S-750 Uppsala, SWEDEN
Ottawa, Ontario, CANADA KIA 0Y3

' Dr. Eduard Berg Dr. Tormod Kvaema
Institute of Geophysics NTNF/NORSAR
University of Hawaii P.O. Box 51
Honolulu, HI 96822 N-2007 Kjeller, NORWAY

Dr. Michel Bouchon Dr. Peter Marshall
I.R.I.G.M.-B.P. 68 Procurement Executive
38402 St. Martin D'Heres Ministry of Defense
Cedex, FRANCE Blacknest, Brimpton

Reading FG7-4RS, UNITED KINGDOM

Dr. Hilmar Bungum Prof. Ari Ben-Menahem
NTNF/NORSAR Department of Applied Mathematics
P.O. Box 51 Weizman Institute of Science
N-2007 Kjeller, NORWAY Rehovot, ISRAEL 951729

Dr. Michel Campillo Dr. Robert North
Observatoire de Grenoble Geophysics Division
I.R.I.G.M.-B.P. 53 Geological Survey of Canada
38041 Grenoble, FRANCE 1 Observatory Crescent

Ottawa, Ontario, CANADA KIA 0Y3

Dr. Kin Yip Chun Dr. Frode Ringdal
Geophysics Division NTNF/NORSAR
Physics Department P.O. Box 51
University of Toronto N-2007 Kjeller, NORWAY
Ontario, CANADA M5S 1A7

Dr. Alan Douglas Dr. Jorg Schlittenhardt
Ministry of Defense Federal Institute for Geosciences & Nat'l Res.
Blacknest, Brimpton Postfach 510153
Reading RG7-4RS, UNITED KINGDOM D-3000 Hannover 51, FEDERAL REPUBLIC OF

GERMANY

Dr. Roger Hansen
NTNF/NORSAR
P.O. Box 51
N-2007 Kjeller, NORWAY

Dr. Manfred Henger
Federal Institute for Geosciences & Nat'l Res.
Postfach 510153
D-3000 Hanover 51, FRG

Ms. Eva Johannisson
Senior Research Officer
National Defense Research Inst.
P.O. Box 27322
S-102 54 Stockholm, SWEDEN

13


